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Readership

In this book, we cover engineering and environmental aspects of the
drainage of rainwater and wastewater from areas of human development.
We present basic principles and engineering best practice. The principles
are essentially universal but, in this book, are mainly illustrated by UK
practice. We have also included introductions to current developments and
recent research.

The book is primarily intended as a text for students on undergraduate
and postgraduate courses in Civil or Environmental Engineering and
researchers in related fields. We hope engineering aspects are treated with
sufficient rigour and thoroughness to be of value to practising engineers as
well as students, though the book does not take the place of an engineering
manual.

The basic principles of drainage include wider environmental issues,
and these are of significance not only to engineers, but to all with a serious
interest in the urban environment, such as students, researchers and prac-
titioners in environmental science, technology, policy and planning,
geography and health studies. These wider issues are covered in particular
parts of the book, deliberately written for a wide readership (indicated in
the table opposite). The material makes up a significant portion of the
book, and if these sections are read together, they should provide a coher-
ent and substantial insight into a fascinating and important environmental
topic.

The book is divided into twenty-four chapters, with numerical examples
throughout, and problems at the end of each chapter. Comprehensive ref-
erence lists that point the way to further, more detailed information,
support the text. Our aim has been to produce a book that is both compre-
hensive and accessible, and to share our conviction with all our readers
that urban drainage is a subject of extraordinary variety and interest.
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1 Introduction

1.1 What is urban drainage?

Drainage systems are needed in developed urban areas because of the
interaction between human activity and the natural water cycle. This inter-
action has two main forms: the abstraction of water from the natural cycle
to provide a water supply for human life, and the covering of land with
impermeable surfaces that divert rainwater away from the local natural
system of drainage. These two types of interaction give rise to two types of
water that require drainage.

The first type, wastewater, is water that has been supplied to support
life, maintain a standard of living and satisfy the needs of industry. After
use, if not drained properly, it could cause pollution and create health
risks. Wastewater contains dissolved material, fine solids and larger solids,
originating from WCs, from washing of various sorts, from industry and
from other water uses.

The second type of water requiring drainage, stormwater, is rainwater
(or water resulting from any form of precipitation) that has fallen on a
built-up area. If stormwater were not drained properly, it would cause
inconvenience, damage, flooding and further health risks. It contains some
pollutants, originating from rain, the air or the catchment surface.

Urban drainage systems handle these two types of water with the aim of
minimising the problems caused to human life and the environment. Thus
urban drainage has two major interfaces: with the public and with the
environment (Fig. 1.1). The public is usually on the transmitting rather
than receiving end of services from urban drainage (‘flush and forget’), and
this may partly explain the lack of public awareness and appreciation of a
vital urban service.

NEsane > yrgan
PUBLIC DRAINAGE ENVIRONMENT

riooomaff _ SYSTEM [ Saweacc]]|

Fig. 1.1 Interfaces with the public and the environment




2 Introduction

In many urban areas, drainage is based on a completely artificial system
of sewers: pipes and structures that collect and dispose of this water. In
contrast, isolated or low-income communities normally have no main
drainage. Wastewater is treated locally (or not at all) and stormwater is
drained naturally into the ground. These sorts of arrangements have gener-
ally existed when the extent of urbanisation has been limited. However, as
will be discussed later in the book, recent thinking — towards more sustain-
able drainage practices — is encouraging the use of more natural drainage
arrangements wherever possible.

So there is far more to urban drainage than the process of getting the
flow from one place to another via a system of sewers (which a non-
specialist could be forgiven for finding untempting as a topic for general
reading). For example, there is a complex and fascinating relationship
between wastewater and stormwater as they pass through the system,
partly as a result of the historical development of urban drainage. When
wastewater and stormwater become mixed, in what are called ‘combined
sewers’, the disposal of neither is ‘efficient’ in terms of environmental
impact or sustainability. Also, while the flow is being conveyed in sewers,
it undergoes transformation in a number of ways (to be considered in
detail in later chapters). Another critical aspect is the fact that sewer
systems may cure certain problems, for example health risks or flooding,
only to create others in the form of environmental disruption to natural
watercourses elsewhere.

Overall, urban drainage presents a classic set of modern environmental
challenges: the need for cost-effective and socially acceptable technical
improvements in existing systems, the need for assessment of the impact of
those systems, and the need to search for sustainable solutions. As in all
other areas of environmental concern, these challenges cannot be con-
sidered to be the responsibility of one profession alone. Policy-makers,
engineers, environment specialists, together with all citizens, have a role.
And these roles must be played in partnership. Engineers must understand
the wider issues, while those who seek to influence policy must have some
understanding of the technical problems. This is the reasoning behind
the format of this book, as explained in the Preface. It is intended as a
source of information for all those with a serious interest in the urban
environment.

1.2 Effects of urbanisation on drainage

Let us consider further the effects of human development on the passage of
rainwater. Urban drainage replaces one part of the natural water cycle
and, as with any artificial system that takes the place of a natural one, it is
important that the full effects are understood.

In nature, when rainwater falls on a natural surface, some water returns
to the atmosphere through evaporation, or transpiration by plants; some
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infiltrates the surface and becomes groundwater; and some runs off the
surface (Fig. 1.2(a)). The relative proportions depend on the nature of the
surface, and vary with time during the storm. (Surface runoff tends to
increase as the ground becomes saturated.) Both groundwater and surface
runoff are likely to find their way to a river, but surface runoff arrives
much faster. The groundwater will become a contribution to the river’s
general baseflow rather than being part of the increase in flow due to any
particular rainfall.

Development of an urban area, involving covering the ground with arti-
ficial surfaces, has a significant effect on these processes. The artificial sur-
faces increase the amount of surface runoff in relation to infiltration, and
therefore increase the total volume of water reaching the river during or
soon after the rain (Fig. 1.2(b)). Surface runoff travels quicker over hard
surfaces and through sewers than it does over natural surfaces and along
natural streams. This means that the flow will both arrive and die away
faster, and therefore the peak flow will be greater (see Fig. 1.3). (In addi-
tion, reduced infiltration means poorer recharge of groundwater reserves.)

This obviously increases the danger of sudden flooding of the river. It
also has strong implications for water quality. The rapid runoff of
stormwater is likely to cause pollutants and sediments to be washed off the
surface or scoured by the river. In an artificial environment, there are likely
to be more pollutants on the catchment surface and in the air than there
would be in a natural environment. Also, drainage systems in which there
is mixing of wastewater and stormwater may allow pollutants from the
wastewater to enter the river.

The existence of wastewater in significant quantities is itself a consequence
of urbanisation. Much of this water has not been made particularly ‘dirty’ by

Rainfall Rainfall

Evapo-
transpiration

Evapo-
transpiration Runoff

Infiltration Infiltration

(a) Pre-urbanisation (b) Post-urbanisation

Fig. 1.2 Effect of urbanisation on fate of rainfall
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Fig. 1.3 Effect of urbanisation on peak rate of runoff

its use. Just as it is a standard convenience in a developed country to turn on
a tap to fill a basin, it is a standard convenience to pull the plug to let the
water ‘disappear’. Water is also used as the principal medium for disposal of
bodily waste, and varying amounts of bathroom litter, via WCs.

In a developed system, much of the material that is added to the
water while it is being turned into wastewater is removed at a wastewater
treatment plant prior to its return to the urban water cycle. Nature itself
would be capable of treating some types of material, bodily waste for
example, but not in the quantities created by urbanisation. The proportion
of material that needs to be removed will depend in part on the capacity of
the river to assimilate what remains.

So the general effects of urbanisation on drainage, or the effects of
replacing natural drainage by urban drainage, are to produce higher and
more sudden peaks in river flow, to introduce pollutants, and to create the
need for artificial wastewater treatment. While to some extent impersonat-
ing nature, urban drainage also imposes heavily upon it.
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1.3 Urban drainage and public health

In human terms, the most valuable benefit of an effective urban drainage
system is the maintenance of public health. This particular objective is
often overlooked in modern practice and yet is of extreme importance,
particularly in protection against the spread of diseases.

Despite the fact that some vague association between disease and water
had been known for centuries, it was only comparatively recently (1855)
that a precise link was demonstrated. This came about as a result of the
classic studies of Dr John Snow in London concerning the cholera epi-
demic sweeping the city at the time. That diseases such as cholera are
almost unknown in the industrialised world today is in major part due to
the provision of centralised urban drainage (along with the provision of a
microbiologically safe, potable supply of water).

Urban drainage has a number of major roles in maintaining public
health and safety. Human excreta (particularly faeces) are the principal
vector for the transmission of many communicable diseases. Urban
drainage has a direct role in effectively removing excreta from the imme-
diate vicinity of habitation. However, there are further potential problems
in large river basins in which the downstream discharges of one settlement
may become the upstream abstraction of another. In the UK, some 30% of
water supplies are so affected. This clearly indicates the vital importance of
disinfection of water supplies as a public health measure.

Also, of particular importance in tropical countries, standing water
after rainfall can be largely avoided by effective drainage. This reduces the
mosquito habitat and hence the spread of malaria and other diseases.

Whilst many of these problems have apparently been solved, it is essen-
tial that in industrialised countries, as we look for ever more innovative
sanitation techniques, we do not lose ground in controlling serious dis-
eases. Sadly, whilst we may know much about waterborne and water-
related diseases, some rank among the largest killers in societies where
poverty and malnutrition are widespread. Millions of people around the
world still lack any hygienic and acceptable method of excreta disposal.
The issues associated with urban drainage in low-income communities are
returned to in more detail in Chapter 23.

1.4 History of urban drainage engineering

Early history

Several thousand years BC may seem a long way to go back to trace the
history of urban drainage, but it is a useful starting point. In many parts of
the world, we can imagine animals living wild in their natural habitat and
humans living in small groups making very little impact on their environ-
ment. Natural hydrological processes would have prevailed; there might
have been floods in extreme conditions, but these would not have been
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made worse by human alteration of the surface of the ground. Bodily
wastes would have been ‘treated’ by natural processes.

Artificial drainage systems were developed as soon as humans attempted to
control their environment. Archaeological evidence reveals that drainage was
provided to the buildings of many ancient civilisations such as the
Mesopotamians, the Minoans (Crete) and the Greeks (Athens). The Romans
are well known for their public health engineering feats, particularly the
impressive aqueducts bringing water into the city; less spectacular, but equally
vital, were the artificial drains they built, of which the most well known is the
cloaca maxima, built to drain the Roman Forum (and still in use today).

The English word sewer is derived from an Old French word, essever,
meaning ‘to drain off’, related to the Latin ex- (out) and aqua (water). The
Oxford English Dictionary gives the earliest meaning as ‘an artificial water-
course for draining marshy land and carrying off surface water into a river
or the sea’. Before 1600, the word was not associated with wastewater.

London

The development of drainage in London provides a good example of how
the association between wastewater and stormwater arose. Sewers origin-
ally had the meaning given above and their alignment was loosely based on
the natural network of streams and ditches that preceded them. In a quite
unconnected arrangement, bodily waste was generally disposed of into
cesspits (under the residence floor), which were periodically emptied. Flush
toilets (discharging to cesspits) became common around 1770-1780, but it
remained illegal until 1815 to connect the overflow from cesspits to the
sewers. This was a time of rapid population growth and, by 1817, when
the population of London exceeded one million, the only solution to the
problem of under-capacity was to allow cesspit overflow to be connected to
the sewers. Even then, the cesspits continued to be a serious health problem
in poor areas, and, in 1847, 200000 of them were eliminated completely by
requiring houses to be connected directly to the sewers.

This moved the problem elsewhere — namely, the River Thames. By the
1850s, the river was filthy and stinking (Box 1.1) and directly implicated
in the spread of deadly cholera.

There were cholera epidemics in 1848-1849, 1854 and 1867, killing
tens of thousands of Londoners. The Victorian sanitary reformer Edwin
Chadwick passionately argued for a dual system of drainage, one for
human waste and one for rainwater: ‘the rain to the river and the sewage
to the soil’. He also argued for small-bore, inexpensive, self-cleansing
sewer pipes in preference to the large brick-lined tunnels of the day.
However, the complexity and cost of engineering two separate systems
prevented his ideas from being put into practice. The solution was eventu-
ally found in a plan by Joseph Bazalgette to construct a number of ‘com-
bined’ interceptor sewers on the north and the south of the river to carry
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Box 1.1 Michael Faraday’s abridged letter to The Times of 7th July
1855

I traversed this day by steamboat the space between London and
Hungerford Bridges [on the River Thames], between half-past one
and two o’clock. The appearance and smell of water forced them-
selves on my attention. The whole of the river was an opaque pale
brown fluid. The smell was very bad, and common to the whole of
the water. The whole river was for the time a real sewer.

If there be sufficient authority to remove a putrescent pond from the
neighbourhood of a few simple dwellings, surely the river which flows
for so many miles through London ought not be allowed to become a
fermenting sewer. If we neglect this subject, we cannot expect to do so
with impunity; nor ought we to be surprised if, ere many years are
over, a season give us sad proof of the folly of our carelessness.

the contents of the sewers to the east of London. The scheme, an engin-
eering marvel (Fig. 1.4), was mostly constructed by 1875, and much of it is
still in use today.

Again, though, the problem had simply been moved elsewhere. This
time, it was the Thames estuary, which received huge discharges of waste-
water. Storage was provided to allow release on the ebb tide only, but
there was no treatment. Downstream of the outfalls, the estuary and its
banks were disgustingly polluted. By 1890, some separation of solids was
carried out at works on the north and south banks, with the sludge
dumped at sea. Biological treatment was introduced in the 1920s, and
further improvements followed. However, it was not until the 1970s that
the quality of the Thames was such that salmon were commonplace and
porpoises could be seen under Blackfriars Bridge.

UK generally

After the Second World War, many parts of the UK had effective wastewater
treatment facilities, but there could still be significant wastewater pollution
during wet weather. Most areas were drained by combined sewers, carrying
wastewater and stormwater in the same pipe. (The first origins of this system
can be found in the connection of wastewater to stormwater sewers, as
described above.) Such a system must include combined sewer overflows
(CSOs) to provide relief during rain storms, allowing excess flows to escape to
a nearby river or stream. As we will discover, CSOs remain a problem today.
During the 1950s and 1960s, there was significant research effort on
improving CSO design. This led to a number of innovative new arrange-
ments, and to general recommendations for reducing pollution. Most
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Fig. 1.4 Construction of Bazalgette’s sewers in London (from The llustrated
London News, 27 August 1859, reproduced with permission of The
Illustrated London News Picture Library)

sewer systems in the UK today are still combined, even though from 1945
it had become the norm for newly-constructed developments to be drained
by a separate system of sewers (one pipe for wastewater, one for storm-
water). These issues will be explored further in Chapters 2 and 12.

However, in some parts of the UK, particularly around industrial estu-
aries like the Mersey and the Tyne, there were far more serious problems
of wastewater pollution than those caused by CSOs. In those areas all
wastewater, in wet and dry weather, was discharged directly to the estuary
without any treatment at all. Box 1.2 considers the Tyne, and the work
that was done to improve matters.

The water industry

In 1974, the water industry in England and Wales was reorganised, and
water authorities were formed. These were public authorities that con-
trolled most aspects of the water cycle, including water supply (except in
areas where private water companies existed). However, most new water
authorities allowed local authorities to remain in charge of sewerage,
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Box 1.2 Tyneside interceptor sewer scheme

Tyneside had undergone rapid development during the industrial
revolution, and those providing housing for the rapidly expanding
workforce had not felt it necessary to look further than the con-
veniently placed Tyne for disposal of stormwater and untreated
wastewater. The area was drained by a multitude of main sewers
running roughly perpendicular to the river, discharging untreated
wastewater along the length of the north and south banks even in
dry weather. This unpleasant situation had existed for many years.
The sewer systems were the responsibility of a number of different
local authorities and, since pollution was considered to have low
political priority, the effort to find a comprehensive solution was not
made until the 1960s with the formation of an overall sewerage
authority. This authority drew up plans for interceptor sewers
running along both sides of the Tyne picking up the flows from each
main sewer and taking them to a treatment works. A tunnel under
the Tyne was needed to bring flows from the south (Fig. 1.5).

The Tyneside scheme also included provision for intercepting
wastewater from a coastal strip to the north of the Tyne. Here,

g ~ AN\
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existing new old outfall — new NORTH
sewer interception  now only interceptor 0)::: SEA
(schematic: point used for sewer
only a few with storm
shown for CSO overflow
clarity)
):::
\ Wastewater Y
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— |
— i
| HiVerTyne

Fig. 1.5 Tyneside interceptor sewer scheme (schematic plan)
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again, wastewater had received no treatment and was discharged via
sea outfalls that barely reached the low tide mark. The area was
drained by combined sewers, and some overflows had consisted
simply of outlet relief pipes discharging from holes in the seawall at
the top of the beach, so that in wet weather the overflow from the
combined sewer flowed across the popular beach to the sea.

acting as agents. The overall control of the water authorities generally
allowed more regional planning and application of overall principles. This
was helped by the expanded Water Research Centre, whose pragmatic,
common-sense approaches encouraged improvement in the operation of
sewer systems. However, drainage engineering remained a fairly low-tech
business, with drainage engineers generally rather conservative, relying on
experience rather than specialised technology to solve problems.

Modelling and rehabilitation

A change came in the early 1980s, with the introduction of computer mod-
elling of sewer systems. Such models had been available in the US for a
while, but the first modelling package written for UK conditions, WASSP
(Wallingford Storm Sewer Package), which was based on a set of calcula-
tions covering rainfall, runoff and pipe flow called the Wallingford Pro-
cedure, was launched in 1981. The first version was not particularly
user-friendly and needed a mainframe computer to run on, but later the
software was developed in response to the development of computers and
the demand for a good user interface. The tool had a profound effect on
the attitudes and practices of drainage engineers. To model a system, its
physical data had to be known; creating computer models therefore
demanded improvement in sewer records. The use of models encouraged
far more understanding of how a system actually worked. A philosophy
that high-tech problem analysis could make huge savings in construction
costs became established, and was set out in the Sewerage Rebabilitation
Manual of the Water Research Centre.

Rehabilitation is considered in Chapter 18, and modelling in Chapters
19 and 20.

The 1990s

As drainage engineers in the UK moved into the 1990s, they experienced
two major changes. The first was that the industry was reorganised again. In
England and Wales, the water authorities were privatised. Regulatory func-
tions that had been carried out internally, like pollution-monitoring, were
moved to a new organisation: the National Rivers Authority, which, in turn,
became part of the Environment Agency in 1996. Later, in Scotland, three
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large water authorities took over water functions from local authorities (and
were merged into one large authority in 2002).

The other big change was the gradual application of much more strin-
gent pollution regulations set by the European Union. The Bathing Water
Directive (CEC, 1976) required ‘bathing waters’ to be designated, and for
their quality to comply with bacterial standards. Huge investment in
coastal wastewater disposal schemes was carried out in response. For
example, in the south-west of England, the ‘clean sweep’ programme was
developed to improve the sea water quality at eighty-one beaches and their
surroundings. This was based on thirty-two engineering schemes valued at
£900 million (Brokenshire, 1995).

In Brighton and Hastings on England’s south coast, huge combined sewer
storage tunnels were constructed to avoid CSO spills onto local beaches
during storm events. And in the north-east of England, similar major invest-
ment was made along the route of the coastal interceptor sewer constructed
in the 1970s, already described in Box 1.2. So, on that length of coast, there
was a great deal of change in twenty years: from the contents of combined
sewers overflowing all over the beach, to massive storage tunnels satisfying
strict limits on storm discharges to the sea (Firth and Staples, 1995).

The Urban Waste Water Treatment Directive (CEC, 1991) also had far-
reaching effects. This specified a minimum level of wastewater treatment,
based on the urban population size and the receiving water type, to be
achieved by 2005. Sea disposal of sludge was completely banned by the
end of 1998. Pollution standards are considered in Chapter 3.

Current challenges

The twenty-first century brings fresh challenges to the field of urban
drainage. In the arena of legislation, the EU Water Framework Directive
(CEC, 2000) seeks to maintain and improve the quality of Europe’s
surface and ground waters. Whilst this may not have a direct impact on
drainage design or operation, it will exert pressure to further upgrade the
performance of system discharge points such as combined sewer overflows
and will influence the types of substances that may be discharged to sewer
systems. Further details can be found in Chapter 3.

An emerging, if controversial, threat is that of climate change. The
anthropogenic impact on our global climate now seems to have been
demonstrated conclusively, but the implications are not fully understood.
Our best predictions indicate that there will be significant changes to the
rainfall regime, and these are discussed in Chapter 5. These changes must,
in turn, be taken into account in new drainage design. The implications for
existing systems are a matter for research (Evans et al., 2003).

One of the most serious implications is the increased potential for sewer
(pluvial) flooding. External or, even worse, internal flooding with sewage
is considered to be wholly unacceptable in the twenty-first century
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according to some sources (WaterVoice Yorkshire, 2002). Given the sto-
chastic nature of rainfall and the potential for more extreme events in the
future, this is an area that is likely to require careful attention by urban
drainage researchers and practitioners (as considered further in Section

11.2.2).

Changing aims

It has already been stated that the basic function of urban drainage is to
collect and convey wastewater and stormwater. In the UK and other
developed countries, this has generally been taken to cover all wastewater,
and all it contains (subject to legislation about hazardous chemicals and
industrial effluents). For stormwater, the aim has been to remove rainwater
(for storms up to a particular severity) with the minimum of inconvenience
to activities on the surface.

Most people would see the efficient removal of stormwater as part of
‘progress’. In a developing country, they might imagine a heavy rainstorm
slowing down the movement of people and goods in a sea of mud, whereas
in a city in a developed country they would probably consider that it
should take more than mere rainfall to stop transport systems and busi-
nesses from running smoothly. Nowadays, however, as with other aspects
of the environment, the nature of progress in relation to urban drainage,
its consequences, desirability and limits, are being closely reassessed.

The traditional aim in providing storm drainage has been to remove water
from surfaces, especially roads, as quickly as possible. It is then disposed of,
usually via a pipe system, to the nearest watercourse. This, as we have dis-
covered in Section 1.2, can cause damage to the environment and increase the
risk of flooding elsewhere. So, while a prime purpose of drainage is still to
protect people and property from stormwater, attention is now being paid
not only to the surface being drained but also to the impact of the drained
flow on the receiving water. Consequently, interest in more natural methods
of disposing of stormwater is increasing. These include infiltration and
storage (to be discussed in full in Chapter 21), and the general intention is to
attempt to reverse the trend illustrated in Fig. 1.3: to decrease the peak flow
of runoff and increase the time it takes to reach the watercourse.

Another way in which attempts are being made to reverse the effects of
urbanisation on drainage described in Section 1.2 is to reduce the non-
biodegradable content in wastewater. Public campaigns with slogans like
‘bag it and bin it, don’t flush it’ or ‘think before you flush’ have been
mounted to persuade people not to treat the WC as a rubbish bin.

These tendencies towards reducing the dependence on ‘hard’ engineer-
ing solutions to solve the problems created by urbanisation, and the philo-
sophy that goes with them, are associated with the word ‘sustainability’
and are further considered in Chapter 24.
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1.5 Geography of urban drainage

The main factors that determine the extent and nature of urban drainage
provision in a particular region are:

wealth

climate and other natural characteristics
intensity of urbanisation

history and politics.

The greatest differences are the result of differences in wealth. Most of this
book concentrates on urban drainage practices in countries that can afford
fully engineered systems. The differences in countries that cannot will be
apparent from Chapter 23 where we consider low-income communities.

Countries in which rainfall tends to be occasional and heavy have natu-
rally adopted different practices from those in which it is frequent and
generally light. For example, it is common in Australia to provide ‘minor’
(underground, piped) systems to cope with low quantities of stormwater,
together with ‘major’ (overground) systems for larger quantities. Other
natural characteristics have a significant effect. Sewers in the Netherlands,
for example, must often be laid in flat, low-lying areas and, therefore, must
be designed to run frequently in a pressurised condition.

Intensity of urbanisation has a strong influence on the percentage of the
population connected to a main sewer system. Table 1.1 gives percentages
in a number of European countries.

Historical and political factors determine the age of the system (which is
likely to have been constructed during a period of significant development
and industrialisation), characteristics of operation such as whether or not
the water/wastewater industry is publicly or privately financed, and strict-
ness of statutory requirements for pollution control and the manner in
which they are enforced. Countries in the European Union are subject to
common requirements, as described in Section 1.4.

Boxes 1.3 to 1.5 present a selection of examples to give an idea of the
wide range of different urban drainage problems throughout the world.

Table 1.1 Percentage of population connected to main sewers in
selected European countries (1997 figures)

Country % population connected to sewer
Germany 92
Greece 58
Italy 82
Netherlands 97
Portugal 57

UK 96




14  Introduction

Box 1.3 Orangi, Karachi, Pakistan

The squatter settlement of Orangi in Karachi (New Scientist, 1 June
1996) has a population of about 1 million. It has some piped water
supplies but, until the 1980s, had no sewers. People had to empty
bucket latrines into the narrow alleys. In a special self-help programme,
quite different from government-sponsored improvement schemes, the
community has built its own sewers, with no outside contractors. A
small septic tank is placed between the toilet and the sewer to reduce
the entry of solids into the pipe. The system itself has a simplified
design. The wastewater is carried to local rivers and is discharged
untreated. The system is being built up alley-by-alley, as the people
make the commitment to the improvements. This is a great success for
community action, and has created major improvements in the imme-
diate environment. But problems seem certain to occur elsewhere in the
form of pollution in the receiving river, until treatment, which would
have to be provided by the central authorities, is sufficient.

Box 1.4 Villages in Hong Kong

A scheme in Hong Kong (Lei et al., 1996) has provided sewers for
previously unsewered villages. Here residents had ‘discharged their
toilet waste into septic tanks which very often overflowed due to
improper maintenance, while their domestic sullage is discharged
into the surface drains’. This had caused pollution of streams and
rivers, and contributed to pollution of coastal waters (causing ‘red
tides’). A new scheme provides sewers to remove the need for the
septic tanks and carry the wastewater to existing treatment facilities.
One problem during construction was ‘Fung Shui’, the traditional
Chinese belief that the orientation of features in the urban landscape
may affect the health and good luck of the people living there. When
carrying out sewer construction within traditional Chinese villages,
engineers had to take great care over these issues, by consultation
with residents.




Geography of urban drainage

15

Box 1.5 Jakarta, Indonesia

Indonesia has a territory of over 1.9 million km? for its 200 million
inhabitants (with the population currently growing at 3 million per
annum). Approximately 110 million live on the island of Java which
has an area of only 127000km?, making it one of the most densely
populated parts of the world. The largest city is Jakarta, with an offi-
cial population of 10 million but probably much larger. Jakarta has
many transient settlements. Over 20% of the housing could be
classed as temporary and 40% is semi-permanent. About 60% of the
population live in settlements called kampungs that now have a
semi-legitimate status. Housing programmes divide kampungs into
two categories: ‘never-to-be-improved’ and those ‘to-be-improved’.
Residents of the first category are encouraged to return to their vil-
lages, move away from Java or select a permanent housing area in
Jakarta. The ‘to-be-improved’ category kampungs are upgraded by
introducing some basic services. By 1984, the housing improvement
programmes had reached 3.8 million inhabitants, yet it has been esti-
mated that 50% of the population within these settlements has yet to
be served.

Incredibly, for a city of its size, Jakarta has no urban drainage
system. So, for example, most of the 700000m> of wastewater pro-
duced daily goes directly to dikes, canals and rivers. Just a small
proportion is pre-treated by septic tanks. The area is prone to sea-
sonal flooding of streets, commercial properties and homes. As a
response, existing drains have been re-aligned in some locations to
route the stormwater more directly and more quickly to the sea.
Sewerage pilot-schemes have been constructed, but finance is in short
supply (Varis and Somlyody, 1997).
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Problems

1.1 Do you think urban drainage is taken for granted by most people in
developed countries? Why? Is this a good or bad thing?

1.2 How does urbanisation affect the natural water cycle?

1.3 Some claim that urban drainage engineers, throughout history, have
saved more lives than doctors and nurses. Can that be justified,
nationally and internationally?

1.4 Pollution from urban discharges to the water environment should be
controlled in some way. What are the reasons for this? How should
the limits be determined? Could there be such a thing as a requirement
that is too strict? If so, why?

1.5 What have been the main influences on urban drainage engineers since
the start of their profession?
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2 Approaches to urban drainage

2.1 Types of system: piped or natural

Development of an urban area can have a huge impact on drainage, as dis-
cussed in Section 1.2 and represented on Figs 1.2 and 1.3. Rain that has
run off impermeable surfaces and travelled via a piped drainage system
reaches a river far more rapidly than it did when the land and its drainage
was in a natural state, and the result can be flooding and increased pollu-
tion. Rather than rely on ‘end of pipe solutions’ to these problems, the
recent trend has been to try to move to a more natural means of drainage,
using the infiltration and storage properties of semi-natural features.

Of course, artificial drainage systems are not universal anyway. Some
isolated communities in developed countries, and many other areas
throughout the world, have never had main drainage.

So, the first distinction between types of urban drainage system should
be between those that are based fundamentally on pipe networks and
those that are not.

Much of this chapter, and of this book, is devoted to piped systems, so
let us now consider the alternatives to piped systems.

The movement towards making better use of natural drainage mechanisms
has been given different names in different countries. In the US and other
countries, the techniques tend to be called ‘best management practices’, or
BMPs. In Australia the general expression ‘water sensitive urban design’ com-
municates a philosophy for water engineering in which water use, re-use and
drainage, and their impacts on the natural and urban environments, are con-
sidered holistically. In the UK, since the mid-1990s, the label has been SUDS
(Sustainable Urban Drainage Systems, or SUstainable Drainage Systems).

These techniques - including soakaways, infiltration trenches, swales,
water butts, green roofs and ponds — concentrate on stormwater. They
are considered in more detail in Chapter 21. Some schemes for reducing
dependence on main drainage also involve more localised collection and
treatment of wastewater. However, movements in this direction, while
of great significance, are only in their early stages (as described in
Chapter 24).
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2.2 Types of piped system: combined or separate

Urban drainage systems handle two types of flow: wastewater and
stormwater. An important stage in the history of urban drainage was the
connection of wastewater to ditches and natural streams whose original
function had been to carry stormwater. The relationship between the con-
veyance of wastewater and stormwater has remained a complex one;
indeed, there are very few systems in which it is simple or ideal.

Piped systems consist of drains carrying flow from individual properties,
and sewers carrying flow from groups of properties or larger areas. The
word sewerage refers to the whole infrastructure system: pipes, manholes,
structures, pumping stations and so on.

There are basically two types of conventional sewerage system: a com-
bined system in which wastewater and stormwater flow together in the
same pipe, and a separate system in which wastewater and stormwater are
kept in separate pipes.

Some towns include hybrid systems, for example a ‘partially-separate’
system, in which wastewater is mixed with some stormwater, while the
majority of stormwater is conveyed by a separate pipe. Many other towns
have hybrid systems for more accidental reasons: for example, because a
new town drained by a separate system includes a small old part drained by
a combined system, or because wrong connections resulting from ignorance
or malpractice have caused unintended mixing of the two types of flow.

We will now consider the characteristics of the two main types of sewer-
age system. Other types of drainage will be considered in Chapters 21, 23
and 24.

2.3 Combined system

In the UK, most of the older sewerage systems are combined and this
accounts for about 70% by total length. Many other countries have a
significant proportion of combined sewers: in France and Germany, for
example, the figure is also around 70%, and in Denmark it is 45 %.

A sewer network is a complex branching system, and Fig. 2.1 presents
an extreme simplification of a typical arrangement, showing a very small
proportion of the branches. The figure is a plan of a town located beside a
natural water system of some sort: a river or estuary, for example. The
combined sewers carry both wastewater and stormwater together in the
same pipe, and the ultimate destination is the wastewater treatment plant
(WTP), located, in this case, a short distance out of the town.

In dry weather, the system carries wastewater flow. During rainfall, the
flow in the sewers increases as a result of the addition of stormwater. Even
in quite light rainfall, the stormwater flows will predominate, and in heavy
falls the stormwater could be fifty or even one hundred times the average
wastewater flow.
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Fig. 2.1 Combined system (schematic plan)

It is simply not economically feasible to provide capacity for this flow
along the full length of the sewers — which would, by implication, carry
only a tiny proportion of the capacity most of the time. At the treatment
plant, it would also be unfeasible to provide this capacity in the treatment
processes. The solution is to provide structures in the sewer system which,
during medium or heavy rainfall, divert flows above a certain level out of
the sewer system and into a natural watercourse. These structures are
called combined sewer overflows, or CSOs. A typically-located CSO is
included in Fig. 2.1.

The basic function of a CSO is illustrated in Fig. 2.2. It receives inflow,
which, during rainfall, consists of stormwater mixed with wastewater.
Some flow is retained in the sewer system and continues to the treatment
works — the continuation flow. The amount of this flow is an important

Cso

Flow retained
in the system
—‘the setting’

Inflow

P to WTP

Spill flow

Fig. 2.2 CSO inflow and outflow
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characteristic of the CSO, and is referred to as the ‘setting’. The remainder
is overflowed to the watercourse — the overflow or ‘spill flow’.

It is useful at this point to consider the approximate proportions of flow
involved. Let us assume that the stormwater flow, in heavy rain, is fifty
times the average wastewater flow. This is combined with the wastewater
flow that would exist regardless of rainfall, collected by the sewer system
upstream of the CSO (which does have the capacity to carry the combined
flow). Let us assume that the capacity of the continuing sewer downstream
of the CSO is 8 times the average wastewater flow (a typical figure). The
inflow is therefore fifty-one times average wastewater flow (51 X av),
made up of 50 X av stormwater, plus, typically, 1 X av wastewater. In this
case the flow diverted to the river will therefore be 51 — 8 = 43 X av.

This diverted flow would seem to be a highly dilute mixture of rain-
water and wastewater (ostensibly in the proportions 50 to 1). Also, CSOs
are designed with the intention of retaining as many solids as possible in
the sewer system, rather than allowing them to enter the watercourse.
Therefore, the impact on the environment of this untreated discharge
might appear to be slight. However, storm flows can be highly polluted,
especially early in the storm when the increased flows have a ‘flushing’
effect in the sewers. There are also limits on the effectiveness of CSOs in
retaining solids. And the figures speak for themselves! Most of the flow in
this case is going straight into the watercourse, not onto the treatment
works. To put it simply: CSOs cause pollution, and this is a significant
drawback of the combined system of sewerage. The design of CSOs is con-
sidered further in Chapter 12.

2.4 Separate system

Most sewerage systems constructed in the UK since 1945 are separate (about
30%, by total length). Fig. 2.3 is a sketch plan of the same town as shown on
Fig. 2.1, but this time sewered using the separate system. Wastewater and
stormwater are carried in separate pipes, usually laid side-by-side. Waste-
water flows vary during the day, but the pipes are designed to carry the
maximum flow all the way to the wastewater treatment plant. The storm-
water is not mixed with wastewater and can be discharged to the water-
course at a convenient point. The first obvious advantage of the separate
system is that CSOs, and the pollution associated with them, are avoided.

An obvious disadvantage might be cost. It is true that the pipework in
separate systems is more expensive to construct, but constructing two
pipes instead of one does not cost twice as much. The pipes are usually
constructed together in the same excavation. The stormwater pipe
(the larger of the two) may be about the same size as the equivalent com-
bined sewer, and the wastewater pipe will be smaller. So the additional
costs are due to a slightly wider excavation and an additional, relatively
small pipe.
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Fig. 2.3 Separate system (schematic plan)

Separate systems do have drawbacks of their own, and we must con-
sider them now. The drawbacks relate to the fact that perfect separation is
effectively impossible to achieve. First, it is difficult to ensure that polluted
flow is carried only in the wastewater pipe. Stormwater can be polluted for
many reasons, including the washing-off of pollutants from the catchment
surface. This will be considered in more detail in Chapter 6. Second, it is
very hard to ensure that no rainwater finds its way into the wastewater
pipe. Rainwater enters the wastewater pipe by two main mechanisms:
infiltration and direct inflow.

Infiltration

Infiltration to a pipe takes place when groundwater seeps in via imperfec-
tions: for example, cracks or damage from tree-roots or poor joints. It can
take place in all types of sewer but is likely to cause the most problems in
the wastewater pipe of a separate system because the extra water will have
the most impact on the remaining pipe capacity. (Exfiltration, the leaking
of liquid out of a sewer, can also be a problem, particularly in areas of sen-
sitive groundwater. This will be considered in Chapter 4.)

Inflow

Direct inflow usually results from wrong connections. These may arise out
of ignorance or deliberate malpractice. A typical example, which might
belong to either category, is the connection of a home-made garden drain
into the wastewater manhole at the back of the house. A survey of one
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separate system (Inman, 1975) found that 40% of all houses had some
arrangement whereby stormwater could enter the wastewater sewer. It
may at first sight seem absurd that a perfectly good infrastructure system
can be put at risk by such mismanagement and human weakness, but it is
a very real problem. Since a drainage system does not run under pressure,
and is not ‘secure’, it is hard to stop people damaging the way it operates.
In the USA, T and I’ (infiltration and inflow) surveys can involve injecting
smoke into a manhole of the wastewater system and looking out for
smoke rising from the surface or roof drainage of guilty residents!

2.5 Which sewer system is better?

This obvious question does not have a simple answer. In the UK, new
developments are normally given separate sewer systems, even when the
new system discharges to an existing combined system. As has been
described in Chapter 1, during the 1950s, engineers started to pay particu-
lar attention to the pollution caused by CSOs, and this highlighted the
potential advantages of eliminating them by using separate systems. It was
quite common for consulting engineers, when asked to investigate prob-
lems with a combined sewer system, to recommend in their report a solu-
tion like the rebuilding of a CSO, but to conclude with a sentence like, ‘Of
course the long-term aim should be the replacement of the entire combined
system by a separate one; however this is not considered economically
feasible at present’. No wonder it wasn’t considered feasible! The expense
and inconvenience of a large-scale excavation in every single street in the
town, together with all the problems of coping with the flows during con-
struction and reconnecting every property, would have been a major dis-
couragement, to say the least.

As the philosophy of sewer rehabilitation took hold in the 1980s, this
vague ideal for the future was replaced by the more pragmatic approach of
‘make best use of what’s there already’. Many engineers reassessed the auto-
matic assumption that the separate system was the better choice. This was
partly a result of increasing experience of separate systems and the problems
that go with them. One of the main problems — the difficulty of keeping the
system separate — tends to get worse with time, as more and more incorrect
connections are made. Theoretical studies have shown that only about one
in a hundred wrong connections would nullify any pollution advantage of
separate sewers over combined ones (Nicholl, 1988). There was also increas-
ing awareness that stormwater is not ‘clean’. The application of new tech-
niques for improving CSOs, combined with the use of sewer system
computer models to fine-tune proposals for rehabilitation works, led to
significant reductions in the pollution caused by many existing combined
sewer systems. So, by the early 1990s, while few were proposing that all
new systems should be combined, the fact that there were a large number of
existing combined systems was not, in itself, a major source of concern.
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Recently, the goal of more sustainable urban drainage has drawn new
attention to particular shortcomings of combined systems: the unnatural
mixing of waterborne waste with stormwater, leading to the expensive and
energy-demanding need for re-separation, and the risk of environmental
pollution. So current thinking suggests that while existing systems — com-
bined or separate — may continue to be improved and developed, it is most
unlikely that they would be converted wholesale from one type to the
other. If drainage practices for new developments change, it is likely to be
in the direction of increased use of source control (non-piped) methods of
handling stormwater, to be described in Chapter 21, and certainly not a
return to combined sewers.

All this suggests that there is no need to answer the question “Which
system is better?’, but it is still worthwhile reflecting in some detail on the
advantages and disadvantages of separate and combined systems, in order
to highlight the operational differences between existing systems of the
two types.

First we should consider some typical characteristics. Maximum flow of
wastewater in a separate system, as a multiple of the average wastewater
flow, depends on the size and layout of the catchment. Typically the
maximum is 3 times the average. In a combined system, the traditional
capacity at the inlet to a wastewater treatment plant (in the UK) is 6 times
average wastewater flow; of this, 3 times the average is diverted to storm
tanks and 3 times is given full treatment. Therefore during rainfall, a com-
bined sewer (downstream of a CSO) is likely to be carrying at least 6 times
average wastewater flow, whereas the wastewater pipe in a separate
system is likely to carry no more than 3 times the average.

This, together with the construction methods outlined in Section 2.3,
and the obvious fact that, during rain, combined sewers carry a mixture of
two types of flow, give rise to a number of differences between combined
and separate systems. One interesting advantage of the combined system is
that, if the wastewater flow is low, and, in light rain, the combined flow
does not exceed 3 times average wastewater flow, all the stormwater
(which may be polluted) is treated. In a separate system, none of that
stormwater would receive treatment.

A list of advantages and disadvantages is given in Table 2.1.

2.6 Urban water system

As described, the most common types of sewerage system are combined,
separate and hybrid. In this se